The HIV-1 gp41 envelope glycoprotein promotes fusion of the virus and cell membranes through the formation of a trimer-of-hairpins structure, in which the amino-and carboxyl-terminal regions of the gp41 ectodomain are brought together. Synthetic peptides derived from these two regions (called N and C peptides, respectively) inhibit HIV-1 entry. In contrast to C peptides, which inhibit in the nanomolar range, N peptides are weak inhibitors with IC 50 values in the micromolar range. To test the hypothesis that the weak inhibition of N peptides results from their tendency to aggregate, we have constructed chimeric variants of the N-peptide region of gp41 in which soluble trimeric coiled coils are fused to portions of the gp41 N peptide. These molecules, which present the N peptide in a trimeric coiled-coil conformation, are remarkably more potent inhibitors than the N peptides themselves and likely target the carboxyl-terminal region of the gp41 ectodomain. The best inhibitors described here inhibit HIV-1 entry at nanomolar concentrations.
The HIV-1 gp41 envelope glycoprotein promotes fusion of the virus and cell membranes through the formation of a trimer-of-hairpins structure, in which the amino-and carboxyl-terminal regions of the gp41 ectodomain are brought together. Synthetic peptides derived from these two regions (called N and C peptides, respectively) inhibit HIV-1 entry. In contrast to C peptides, which inhibit in the nanomolar range, N peptides are weak inhibitors with IC 50 values in the micromolar range. To test the hypothesis that the weak inhibition of N peptides results from their tendency to aggregate, we have constructed chimeric variants of the N-peptide region of gp41 in which soluble trimeric coiled coils are fused to portions of the gp41 N peptide. These molecules, which present the N peptide in a trimeric coiled-coil conformation, are remarkably more potent inhibitors than the N peptides themselves and likely target the carboxyl-terminal region of the gp41 ectodomain. The best inhibitors described here inhibit HIV-1 entry at nanomolar concentrations.
T o infect a cell, HIV type 1 (HIV-1) must fuse its membrane with the host cell membrane and release its contents into the cell. The fusion process is mediated by the envelope glycoprotein (Env) on the surface of the virus. Env is composed of two subunits: gp120, a surface subunit that binds host cell receptors, and gp41, a transmembrane subunit that ultimately inserts into the host cell membrane and promotes the fusion event. The ectodomain of gp41 contains two helical regions, one near the amino terminus (N helix) and one near the carboxy terminus (C helix). In the fusogenic conformation of gp41, the N and C helices interact with each other in an antiparallel manner, like a hairpin, bringing the amino and carboxy termini of the ectodomain together. This facilitates the juxtaposition of the virus and cell membranes, leading to membrane fusion (1) .
The fusogenic structure of gp41 is composed of three gp41 hairpins (i.e., trimer-of-hairpins). The N helices from three gp41 ectodomains form a central three-stranded coiled coil and are surrounded by three antiparallel C helices that bind to conserved grooves on the coiled-coil surface (2) (3) (4) (5) . Synthetic peptides derived from the N-and C-helix regions of gp41 (called N and C peptides, respectively) inhibit HIV-1 viral infection (3, (6) (7) (8) (9) (10) . C peptides are potent inhibitors of HIV-1 infectivity with activity at nanomolar concentrations (3, 6, 8, 10, 11) , and one, T20, has shown promising results in anti-HIV-1 human clinical trials (12) . C peptides likely inhibit formation of the fusogenic six-helix bundle in a dominant-negative manner by binding the N-helix region of gp41 (Fig. 1A) (3, 9, (13) (14) (15) (16) . Recently, efforts to target a hydrophobic pocket on the N helix of gp41 led to the identification of cyclic D peptides that inhibit HIV-1 entry, likely in the same dominant-negative manner (17, 18) .
N peptides can also inhibit HIV-1 entry (3, 7). Two possible mechanisms for their inhibitory activity can be envisioned (Fig. 1B) . First, the N peptides may target an exposed C-helix region of gp41 (3). Alternatively, synthetic N peptides could intercalate with the N helices of gp41, thereby forming a heterotrimeric coiled coil and interfering with the coiled-coil formation of gp41 (7, 19) .
N peptides, which aggregate in isolation (3, 20) , are far less potent than C peptides. It has been proposed that N peptides are poor inhibitors because their aggregation interferes with their ability to efficiently target gp41 via either mechanism described above (3, 21) . However, if an N peptide could be properly sequestered into a nonaggregating trimeric coiled-coil conformation, it should be able to effectively bind and sequester the C helix of gp41 and inhibit HIV-1 entry via the first mechanism described above.
Indeed, recent work has shown that the C-helix region of gp41 is a useful target for inhibiting HIV-1 entry (21) . A protein designed to have a very high affinity for C helix is an extremely effective, broad-spectrum antiviral compound, with a low nanomolar IC 50 value. This molecule, 5-Helix, consists of five of the six helices of the gp41 trimer-of-hairpins joined by short peptide linkers (21). 5-Helix forms the trimer-of-hairpins structure, exposing one C-helix-binding site, and its antiviral activity depends on its ability to bind C helix.
In this study, we designed nonaggregating trimeric coiled-coil N peptides and characterized their inhibitory activity. Each peptide is a chimeric molecule consisting of a designed trimeric coiled coil (22, 23) fused to a portion of the gp41 N helix. One of these peptides, IQN17, was previously shown to form a soluble, stable, trimeric coiled coil (18) . These peptides sustain the N helix in a coiled-coil conformation and, strikingly, they have dramatically increased antiviral potency over the corresponding N peptides themselves. The inhibitory activity of the chimeric N peptides is correlated to their stability. The most potent chimeric N peptide described here, IQN23, inhibits HIV-1 entry with an IC 50 value of 15 nM. Fig. 2 . The first 29 residues of IQN17 are derived from a designed trimeric coiled coil, GCN4-pI Q IЈ (18) , and the final 17 residues are derived from the N-helix region of gp41 from the HXB2 strain of HIV-1. The sequence of GCN4- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Materials and Methods
pI Q IЈ is Ac-RMKQIEDKIEEIESKQKKIENEIAR IKKL-IGERY-NH 2 . The N17 peptide is 17 aa long and consists of only the gp41 residues of IQN17. IQN17-2Pro contains a Gln3Pro mutation at position 16 of IQN17 and an Ile3Pro mutation at position 37. IQN17 G572D contains a Gly3Asp mutation at position 36 of IQN17. Longer chimeric N peptides were made by inserting additional residues from the HXB2 gp41 N-peptide region, taking care to keep the coiled-coil heptad repeat register After cleavage from the resin, each peptide was desalted over a Sephadex G-25 column (Amersham Pharmacia) and lyophilized. The peptide was then resuspended in 5% acetic acid and purified over a Vydac C18 (Hesperia, CA) preparative column on a reverse-phase high-performance liquid chromatography apparatus (Waters). The peptide was eluted from the column with a water-acetonitrile gradient in the presence of 0.1% trifluoroacetic acid and lyophilized. The molecular weights of each peptide were confirmed by using matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (PerSeptive Biosystems, Framingham, MA).
For all experiments, peptide stock solutions (typically 200-800 M) were prepared by resuspending lyophilized peptide in water. The precise concentrations of the peptide stocks were determined by using tyrosine and tryptophan absorbance at 280 nm in 6 M GuHCl (26). The stock solutions were then diluted to the desired concentration in the appropriate buffer for each experiment. After resuspension in water, N17 and N23 solutions were cloudy. The aggregates were pelleted at high speed for 10 min, and the concentration of the supernatant was determined.
CD. All CD measurements were performed on either an Aviv 62 DS or 62A DS (Aviv Associates, Lakewood, NJ) CD spectrometer. Standard scans were performed on 10 M solutions of peptide in PBS [50 mM sodium phosphate, 150 mM sodium chloride (pH 7.4)] from 200 to 260 nm in a 1-cm pathlength cuvette with a 5-second averaging time. Percent helicity as recorded at 222 nm was calculated according to Chen et al. (27) . Thermal denaturation scans of 10 M peptide solutions in PBS were recorded at 222 nm. The peptide was heated at 2-degree intervals starting at 4 or 20°C, with an equilibration time of 1.5 min and an averaging time of 60 seconds. The melting temperatures, or midpoints of the cooperative thermal unfolding transitions (T m ), were estimated from the thermal dependence of the ellipticity at 222 nm. For most of the peptides with a melting temperature of 100°C or higher in PBS, thermal denaturation experiments were performed in PBS in the presence of 2 M guanidine hydrochloride.
Sedimentation Equilibrium. All measurements were recorded on a Beckman XL-A (Beckman Coulter) analytical ultracentrifuge equipped with an An-60 Ti rotor (Beckman Coulter). Peptide stock solutions were diluted to 100-200 M and dialyzed overnight against PBS. After dialysis, the concentration was redetermined, and the peptides were diluted to 20 M by using the dialysis buffer. The samples were centrifuged at speeds ranging from 19,000 to 26,000 rpm.
HIV-1 Infectivity Assay. Inhibitory activity of the chimeric N peptides was determined by using an HIV luciferase assay (28) . (2, 20) . Here, we examined the HIV-1 inhibitory activity of N36 and two shorter N peptides: N17 and N23. N17 comprises the residues that form the hydrophobic pocket of the N-helix trimer that, in the fusogenic gp41 structure, binds to three hydrophobic residues of the C-helix region. N23 and N36 contain the residues of N17 with additional amino-terminal N-helix residues (Fig. 2 A) . N36 aggregates in solution (20) , and both N17 and N23 are extremely insoluble (see Materials and Methods). These peptides are not very helical in isolation, as determined by CD ( Table 1) . The inhibitory potencies of N17, N23, and N36 are low, with IC 50 values of 13, 29, and 2 M, respectively ( Table 1 ).
The Pocket-Forming Region of the N Peptide Inhibits as a Coiled-Coil
Trimer. In the fusogenic trimer-of-hairpins structure, the N peptides form a trimeric coiled coil and bind to three helical C peptides (2) (3) (4) (5) 20) . If synthetic N peptides could be presented in a trimeric coiled-coil conformation rather than an aggregated state, they might bind the C-helix region of gp41 better than aggregated N peptides. Because the C helix has been shown to be an effective antiviral target (21), coiled-coil N peptides also may have higher inhibitory potency than aggregated N peptides. Previously, such a soluble peptide was designed (18) . IQN17 is a chimeric peptide that presents a portion of the N helix comprising a hydrophobic pocket in a trimeric coiled-coil conformation. In IQN17, a designed trimeric coiled coil (GCN4-pI Q IЈ) was fused to the amino terminus of 17 residues of the N helix (N17, as seen above), creating a continuous coiled coil 45 aa in length ( Fig. 2 B and C) . IQN17 is a fully helical and discretely trimeric species at 10-20 M (ref. 18 and Table 1 ). IQN17 is extremely stable, with a melting temperature of Ϸ100°C at 10 M (Table 1) , and guanidine denaturation studies predict it maintains its trimeric state even at low nanomolar concentrations (unpublished results). Additionally, with an IC 50 value of 190 nM, IQN17 is almost two orders of magnitude more potent than N17 ( Table 1 ). The GCN4-pI Q IЈ portion of the molecule alone as well as an unfolded IQN17 (containing two proline residues in the hydrophobic core) do not show inhibitory activity (tested up to 25 M). In addition, a derivative of IQN17 that introduces a charge into the hydrophobic pocket, IQN17 (G572D) has little inhibitory activity, with an IC 50 value of 15 M. Therefore, the inhibitory activity of the hydrophobic pocket region of the N peptide is greatly enhanced in a trimeric coiled-coil conformation. GCN4-pI Q IЈ was also fused to the amino terminus of N23 and N36 to make IQN23 and IQN36, respectively (Fig. 2C) . Both of these peptides are extremely helical (Table 1) . IQN23 is discretely trimeric, whereas IQN36 is a slightly aggregated trimer (Table 1) . Both IQN23 and IQN36 are dramatically better inhibitors than the corresponding N peptides themselves, with IC 50 values of 15 and 88 nM, respectively ( Table 1) .
The Inhibitory Potency of IQN17 Is Correlated to Its Stability. If the N-peptide inhibitors must be trimeric to inhibit HIV-1 entry, one might expect the thermodynamic stability of the peptides to be correlated to their inhibitory activity. In particular, a less stable IQN17 derivative that is dissociated at the IC 50 concentration of IQN17 should be a less potent inhibitor. A series of peptides was made to determine the effect of stability of the trimeric coiledcoil structure on the inhibitory potency of the chimeric N peptides.
The GCN4-pI Q IЈ trimeric coiled coil contains one glutamine per monomer (at position 16) that packs into the interior of the coiled coil. This glutamine was shown to decrease stability compared with a coiled coil with an all-isoleucine core (22, 29) . The glutamine in the IQN17 core (at position 16) was changed to an isoleucine to make a more stable peptide, IIN17 (Fig. 2C) . Shorter less stable IQN17 derivatives were made by sequentially removing groups of seven residues from the amino terminus of IQN17. These two IQN17 derivatives contain 22 and 15 aa of the GCN4-pI Q IЈ region (IQ 22 N17 and IQ 15 N17, respectively) (Fig.   2C ). The corresponding isoleucine derivatives of these peptides (II 22 N17 and II 15 N17) were studied as well.
In each peptide pair (IQN17 and IIN17, IQ 22 N17 and II 22 N17, and IQ 15 N17 and II 15 N17), the isoleucine derivative is the more stable of the two peptides, as determined by thermal denaturation ( Table 2 ). The isoleucine derivative in both of the two pairs of shorter IQN17 derivatives (IQ 22 N17 and II 22 N17 and IQ 15 N17 and II 15 N17) has more potent inhibitory activity that is statistically significant (Table 2) . However, there is little, if any, difference in the inhibitory activity of the three most stable peptides that have melting temperatures of 100°C or above (IQN17, IIN17, and II 22 N17). Therefore, the inhibitory activity of the peptides correlates to the stability of the coiled-coil structures, until the point where a highly stable coiled-coil structure is reached.
An Alternate Chimeric N Peptide, IZN17, Is a More Potent Inhibitor. We studied an additional series of chimeric N peptides in which the GCN4-pI Q IЈ portion of the molecule was replaced with a different designed trimeric coiled coil. This coiled coil, called ''IZ m '' for modified isoleucine zipper, is based on a design described by Suzuki et al. (23) and is helical and trimeric in solution ( Table 1 ). The resulting chimeric peptides are termed CD scans were performed on 10 M peptide solutions in PBS. The CD signal at 222 nm (222nm) and the percent helicity are reported. Sedimentation equilibrium studies were performed on 20 M peptide solutions in PBS. The results are reported as a ratio of the experimental molecular weight to the calculated molecular weight for a monomer (M obs͞Mcalc). Inhibition of viral entry was measured in a single-round infectivity assay. The results indicate the mean IC 50 value (the peptide concentration at which half the viral infection is inhibited) and SEM for no less than two experiments, each performed in duplicate. ND, not determined. CD scans were performed on 10 M peptide solutions in PBS. The CD signal at 222 nm (222nm) is reported. Thermal denaturation CD scans were performed on 10-m peptide solutions in PBS and in PBS with 2 M guanidine hydrochloride. The midpoint of thermal denaturation (T m) was estimated from the thermal dependence of the CD signal at 222 nm. Inhibition of viral entry was measured in a single-round infectivity assay. The results indicate the mean IC 50 value (the peptide concentration at which half the viral infection is inhibited) and SEM for no less than two experiments, each performed in duplicate. ND, not determined.
IZN17, IZN23, and IZN36 (Fig. 2C) . Each of the peptides is helical, as determined by CD (Table 1 and Fig. 3A) . IZN17 (Fig.  3B ) and IZN23 are discrete trimers, and IZN36 is an aggregated trimer, as determined by sedimentation equilibrium ( Table 1) . The IC 50 values of IZN17 (Fig. 3C) , IZN23, and IZN36 in the HIV-1 infectivity assay are 22, 30, and 26 nM, respectively (Table 1) .
Interestingly, IZN17 is close to an order of magnitude more potent than IQN17 in the viral infectivity assay. Although it is not entirely clear why this is the case, there are two potential reasons that may contribute to the increase in potency. First, IZN17 is more stable than IQN17, as determined by thermal denaturation (Table 2) . However, this is not likely to contribute significantly to the increased potency of IZN17, because IIN17 is much more stable than IZN17 and yet a less potent inhibitor. Second, IZN17 contains two additional residues from the gp41 N-helix region (residues 20 and 21 of IZN17, corresponding to residues 560 and 561 of HXB2) because of a coincidence in sequence between IZ m and gp41. The additional gp41 residues could provide an increase in binding affinity to the C-helix region of gp41.
Discussion
Previously studied N peptides are weak inhibitors of HIV-1 entry, with IC 50 values in the micromolar range (3, 7) . Our results demonstrate that N peptides can be potent inhibitors when presented in a trimeric coiled-coil conformation. In the best example, addition of a designed coiled coil to the amino terminus of N23 resulted in a remarkable decrease in the IC 50 value of three orders of magnitude (Table 1 ). In addition, the chimeric N peptides likely inhibit HIV-1 entry in a dominant-negative manner by binding to the C-helix region of gp41, as seen in the x-ray structure of fusogenic gp41 (2, 4, 5) . Recently, Louis et al. described the design of another soluble N-helix trimeric coiled coil, N CCG -gp41, which is stabilized by both fusion to a thermostable subdomain of gp41 and intersubunit disulfide bonds (30) . N CCG -gp41 inhibits HIV-1 entry at nanomolar concentrations, in agreement with our results.
The chimeric N peptides studied here inhibit HIV-1 entry with a wide range of IC 50 values, from 15 nM to 5 M. Several factors appear to influence their potency. First, increased thermal stability of the coiled coil, within a range, correlates with increased potency. For example, II 22 N17 is much more resistant to thermal denaturation than IQ 22 N17 and is almost an order of magnitude more potent. However, the effects of stability on potency decline once a certain level of stability is obtained. For example, the IC 50 values of IQN17, IIN17, and II 22 N17 are similar despite large differences in thermal stability. These observations are likely because of the association state of the peptides. As mentioned, guanidine denaturation studies indicate that IQN17 is fully trimeric at low nanomolar concentrations (unpublished results). Because IIN17 and II 22 N17 are more stable than IQN17 according to thermal denaturation studies, they should also be fully trimeric at low nanomolar concentrations. Therefore, at the IC 50 concentration slightly below 200 nM, IQN17, IIN17, and II 22 N17 are likely completely associated, and the IC 50 value of IQN17 likely represents a maximum inhibitory potency. The less stable peptides with significantly lower inhibitory potencies (IQ 22 N17, IQ 15 N17, and II 15 N17) are likely at least partially unfolded at 200 nM, leading to a decrease in inhibitory potency.
Second, increasing the length of the gp41 portion can increase the inhibitory activity of the chimeric N peptides (e.g., IQN23 is a much better inhibitor than IQN17). However, adding additional gp41 residues does not always result in a better inhibitor (e.g., IQN36 is less potent than IQN23, possibly because of the increased aggregation of IQN36).
Third, the identity of the designed coiled coil can alter the inhibitory activity of the attached N peptide (e.g., IZN17 is a much better inhibitor than IQN17). It is unclear why the identity of the designed coiled coil affects the inhibitory activity of the chimeric N peptides. In the case of IZN17, it is slightly more stable than IQN17 and also contains two additional residues amino terminal to N17 that are identical to the gp41 N-peptide sequence (residues 20 and 21 of IZN17). These two factors may explain at least some of the increased potency of IZN17. However, it is also possible that because the residues in GCN4-pI Q IЈ and IZ m differ, they differentially affect the binding of the N-peptide region of the molecule to the C-helix region of gp41. For example, in the context of N17 binding, IZ m may contribute favorable interactions with gp41 or GCN4-pI Q IЈ may make unfavorable contacts.
The range of potencies of the panel of chimeric N peptides studied here suggests it may be possible to design additional chimeric N peptides with increased potency. For example, changing the identity or location of the designed coiled coil (such as placing it on the carboxy terminus of the N peptide rather than the amino terminus) and using different regions of the N helix may result in better inhibitors. It is possible that the peptides studied here, or similar ones not yet designed, would provide a useful additional therapy for HIV-1 patients. Indeed, some of these chimeric N peptides are of similar size and potency to synthetic C peptides currently in human clinical trials (12) .
Finally, the chimeric N peptides likely present an accurate structure of the N-helix region of gp41 present transiently during the entry process. Indeed, cyclic D peptides that bind to IQN17 have been shown to inhibit HIV-1 entry (18) . If an antibody that recognized this structure could be identified, it may have neutralizing activity (see also refs. 18, 31) . Therefore, molecules such as the chimeric N peptides may serve as useful components of potential vaccines for raising an anti-HIV-1 neutralizing antibody response.
